We studied whether a hydrostatic pressure gradient between arterial blood and brain tissue plays a role in the formation of early ischemic cerebral edema after middle cerebral artery (MCA) occlusion in cats.
The initial stage of ischemic brain edema is thought to be predominantly intracellular, reSUlting from failure of energy-dependent ion homeostatic mechanisms (Klatzo, 1967) . If ischemia is complete and perfusion totally interrupted, edema does not develop despite striking metabolic defects (Hoss mann, 1976; Kogure et aI., 1981) . On the other hand, if ischemia is incomplete, then edema forma tion occurs, depending upon the severity of isch emia.
It is now known that water accumulates in paren chyma soon after the onset of severe, but incom plete, ischemia. The fluid accumulation is related to both a shift of water from the extracellular to the intracellular compartment (the cytotoxic phase) and additional parenchymal water. It is probable that the source of added tissue water is the sys temic circulation.
1.13 mm Hg at 3 h. When intraluminal pressure was in creased, water content increased further, but only at 1 h after occlusion. In the periphery where flow was 18.9 mIll 00 g/min during normotension, neither water content nor tissue pressure rose within 3 h of occlusion. In creased intraluminal pressure was accompanied by in creased water content only at 3 h. This study indicates that a hydrostatic pressure gradient is an important ele ment in the development of ischemic brain edema, ex erting its major effect during the initial phase of the edema process. Key Words: Blood-brain barrier-Brain edema-Brain ischemia-Cerebral blood flow-Hydro static pressure gradient-Tissue pressure.
The mechanism for water passage across the en dothelium during the initial stages of ischemia, when the blood-brain barrier (BBB) to serum pro tein is still intact, remains unclear. Water move ment across a functional BBB into the central nervous system presumably follows the Starling equation (Rapoport, 1979; Fenstermacher, 1984) . Thus, factors that determine the formation of isch emic edema soon after arterial occlusion must in clude hydraulic conductivity of the brain capillary, the hydrostatic and osmotic pressure gradients of the fluid compartments on each side of the BBB, and disruption of endothelial cell metabolism.
In vasogenic brain edema, characterized by ex travasation of serum protein, an acute increase in arterial pressure causes a dramatic increase in edema formation (Klatzo et aI., 1976) . Arterial hy pertension produces focal edema even in normal brain, suggesting an important role for hydrostatic pressure gradients in brain edema associated with hypertension (Hatashita et aI., 1986) . Arterial hy pertension combined with craniectomy also pro duces extensive brain edema in cats (Hatashita et aI., 1985) . It seems likely, therefore, that a hydro static pressure gradient between the arterial vas cular compartment and surrounding brain tissue does play an important role in the formation of isch emic brain edema.
The present experiment was designed to study whether the hydrostatic pressure gradient between arterial blood and brain tissue is involved in the for mation of early ischemic brain edema. We sought to clarify the relationship between intraluminal pres sure, tissue pressure, ischemic edema, and CBF in adjacent regions made variably ischemic.
MATERIALS AND METHODS

Surgical protocol
Adult cats, 2.0-4.5 kg in weight, were anesthetized with intraperitoneal sodium pentobarbital (30 mg/kg).
Cannulas were placed in the femoral artery and vein to measure systemic arterial pressure (SAP); to sample arte rial blood gases, hematocrit, and serum osmolality; and to administer drugs as necessary. All animals were tra cheostomized, immobilized with gallamine triethiodide (1.5 mg/kg i.v.), and mechanically ventilated with a Har vard respirator. The animal's head was fixed in a stereo tactic holder. Body temperature and blood gases were maintained within physiological limits by a heating pad and ventilator adjustment, respectively. The end-tidal carbon dioxide was continuously monitored and main tained in the physiological range.
The left middle cerebral artery (MCA) was exposed by the transorbital approach using an operative microscope.
The orbit was exenterated. The optic foramen was en larged with a dental drill. After the dura was opened and the arachnoid membrane incised, the artery was occluded with bipolar coagulation. The dural and bony opening was then sealed with oxidized cellulose and dental ce ment.
Two small craniectomies were performed in the left parietotemporal bone to accommodate apparatus for the measurement of tissue pressure and regional CBF (rCBF). One was placed between the sutures connecting the frontal and parietal bones exposing the anterior lat eral gyrus, or the "peripheral area" of the MCA territory.
The other was behind the zygomatic bone exposing the sylvian gyrus, or the "core area" of the MCA territory. A burr hole was made in the right parietal bone at the coor dinates A12, L4.5, Hs (Snider and Niemer, 1970) to accom modate a system for the measurement of ventricular fluid pressure. All exposed regions were closed with oxi dized cellulose and dental cement.
Arterial pressure was increased by inflation of a double-lumen balloon catheter transfemorally situated in the descending aorta, immediately distal to the left sub clavian artery. Inflation of the balloon caused a blood shift and an increase in arterial luminal pressure as a re sult of total aortic obstruction. Blood pressure was mea sured by the balloon catheter, and systolic blood pressure above 220 mm Hg was maintained for 20 min when ap propriate in the experimental protocol.
Measurement of tissue pressure and ventricular fluid pressure
Tissue pressure was measured with our own modifica tion of Marmarou's method, previously described else where (Iannotti et al., 1984) . Briefly a P23dB Statham pressure transducer was connected to a I-ml syringe held in a Harvard constant-infusion pump and attached to a needle (outer diameter 0.635 mm; inner diameter 0.343 mm). Connections were made via PE-50 tubing through a three-way stopcock attached to the transducer. The system was filled with saline free of air bubbles. The needles were introduced at an oblique angle in the cortex with the aid of an operative microscope. If bleeding or tissue damage around the tip of the needles was detected, the experiment was discarded.
Ventricular fluid pressure was measured with a no. 23gauge needle inserted stereotactically into the right lat eral ventricle. The needle was connected to a P23ID Statham transducer by polyethylene tubing.
All pressure systems were zeroed at the level of the interaural line.
Measurement of rCBF
rCBF was measured by the hydrogen clearance method. A 250-J.Lm-diameter Te flon-coated platinum elec trode, with the tip exposed 0.5 mm, was placed 2 mm posterior to each tissue pressure needle. A silver chloride reference electrode was placed in the temporal muscle.
Hydrogen gas (4-7%) was administered for �2 min through inspired air. The de saturation curves were ana lyzed by the initial-slope method (Pasztor et aI., 1973) .
Brain water content
After death the brain was immediately removed and coronal sections (2.0 mm thick) were cut at the level of the tissue pressure needles. Two tissue samples (l mm3 each) were taken from the gray matter surrounding each tissue pressure needle and from the corresponding cortex of the contralateral side. Samples were immediately dropped into a kerosene-bromobenzene column for spe cific gravity determination. A change in specific gravity was considered to be the result of a change in water con tent and to represent an accurate measure of edema (Nelson et aI., 1971 ).
Experimental protocol
SAP, end-tidal CO2 pressure, ventricular fluid pres sure, and tissue pressure were recorded continuously on a polygraph. After physiological variables had stabilized and control recordings had been carried out, the MCA was occluded in 23 cats. rCBF was measured before and hourly after occlusion. Arterial pressure was increased for 20 min before death in 12 cats. The animals were killed I and 3 h after occlusion. Eleven cats were killed 1 and 3 h after the occlusion without a period of arterial hypertension.
Data analysis
Statistical significance of the results was determined by Student's t test, and p < 0.05 was considered significant.
Values have been expressed as means ± SE.
RESULTS
Arterial pressure and general physiological effects
Systolic SAP, arterial blood gases, hematocrit, and serum osmolality in 23 cats with MCA occlu sion are summarized in Ta ble 1. Serum osmolality and hematocrit were not significantly changed during the occlusion of the MCA and the period of increased arterial pressure. Arterial blood pH, PCOz, and P02 were maintained within normal limits throughout the experimental period. Systolic SAP did not change significantly before or after MeA occlusion, remaining at � 160 mm Hg. An increase in the intraluminal pressure of the cerebral arteries was successfully produced by the inflation of a balloon catheter in the descending aorta. The value for systolic SAP increased signifi cantly from 163.0 ± 1.9 to 240. 0 ± 10. 6 mm Hg at 1 h after occlusion and from 161.7 ± 3.5 to 241.7 ± 5.4 mm Hg at 3 h. The increases at 1 and 3 h after occlusion were 42. 09 ± 4. 54 and 46. 30 ± 6. 35%, respectively. reBF reBF in 11 normotensive cats with 1 and 3 h of MeA occlusion is shown in Fig. 1 . The mean preocclusion flow in the core of the MeA territory was 43.57 ± 2.57 mllIOO g/min and in the periphery 45.26 ± 3.01 mllIOO g/min. The reduction of reBF in the core was significantly greater than that in the periphery after occlusion. reBF fell to 5.57 ± 0.88 mllIOO g/min in the core and 18.97 ± 1. 76 mllIOO g/min in the periphery 1 h after occlusion. The flow in both areas did not fall further over the next 3 h.
In 12 hypertensive animals the values of reBF be fore an increase in arterial pressure at 1 and 3 h of MeA occlusion did not differ significantly from those in normotensive animals. reBF increased in both areas when arterial pres sure was increased by inflation of the aortic balloon (Fig. 2) . The percentage changes of reBF in the core and the periphery were correlated with those of systolic SAP 1 and 3 h after MeA occlusion (Fig.  3) . At 1 h after occlusion, the average increase in flow was 248.43 ± 60.43% in the core and 35. 21 ± 13. 75% in the periphery. The percentage increase in flow was much greater in the core than in the pe riphery. The change of flow in the core was larger relative to arterial pressure change (42%), whereas flow change in the periphery was more closely re lated to the change in arterial pressure. In contrast, 3 h after MeA occlusion, the percentages increase in flow in the core and the periphery were 233.97 ± 46.67 and 44.09 ± 4.35%, respectively. The rise in flow caused by an increase in arterial pressure was about the same in both areas at 1 h.
Brain tissue water content
The changes of water content in the core and the periphery at 1 and 3 h after MeA occlusion with 
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FIG. 3. Relationship between each change in regional CBF (rCBF) in the core and the periphery and in systolic arterial pressure (AP) 1 and 3 h after middle cerebral artery occlu sion with increased arterial pressure. rCBF and systolic AP are given as percentages of the values before an increase in arterial pressure. p, statistical significance from the value 1 hour after occlusion. and without an increase in arterial pressure are shown in Fig. 4 . Water content increased signifi cantly in the core 1 h after occlusion compared with that in the contralateral hemisphere. There was fur ther increase in the water content in the same area 3 h after MeA occlusion. In the periphery, how- 
Periphery Core ever, water content did not increase at 1 and 3 h after MeA occlusion. When arterial pressure was increased, water con tent in both areas increased, the extent depending on the duration of ischemia. One hour after MeA occlusion, specific gravity decreased significantly in the core, from 1.0435 ± 0.0001 without an in crease in arterial pressure to 1.0410 ± 0.0004 with an increase in arterial pressure. Three hours after MeA occlusion, the increase of tissue water con tent was significant in the periphery when com pared with that of normotensive animals.
Tissue pressure and ventricular fluid pressure
The tissue pressure and ventricular fluid pressure values from 23 cats killed at I and 3 h after MeA occlusion are summarized in Ta ble 2. The control values of tissue pressure in the core and the pe riphery were 6.97 ± 0.55 and 7.00 ± 0.58 mm Hg, respectively. They were similar to the value of 6.80 ± 0.56 mm Hg for ventricular fluid pressure during steady state. After MeA occlusion tissue pressure in the core increased more than ventricular fluid pressure and tissue pressure in the periphery (Fig.  5) . Tissue pressure in the core rose to 13.16 ± 1.13 mm Hg 3 h after MeA occlusion, whereas that in the periphery rose to 8.33 ± 1.01 mm Hg and ven tricular fluid pressure to 7.83 ± 1.30 mm Hg. Fur ther, tissue pressure in the core and in the pe riphery was different 3 h after MeA occlusion, es tablishing a mean gradient of 4.83 mm Hg. A significant pressure gradient between tissue pres sure in the core and ventricular fluid pressure also developed 3 h after occlusion, whereas in the pe riphery no such gradient developed. Tissue pressure and ventricular fluid pressure in creased simultaneously when intraluminal arterial pressure increased (Fig. 6) . The rise of tissue pres sure in the core was significantly greater compared with that of tissue pressure in the periphery and ventricular fluid pressure. The increase of tissue pressure beyond that expected to occur after occlu sion was 1.92 ± 0.08 and 2.16 ± 0.21 mm Hg in the core at 1 and 3 h, respectively. In contrast, the rise of tissue pressure in the periphery did not differ from that of ventricular fluid pressure, increasing only slightly.
DISCUSSION
The present study demonstrates that water con tent increases in the core of an ischemic lesion when the decrease in blood flow is �5.5 mlil00 g/min as early as 1 h after MCA occlusion. Water content then continues to rise over 3 h. Recent studies indicate that edema in the cere bral cortex attains significant magnitudes 60-90 min after MCA occlusion in cats or baboons when rCBF is � 10 mli100 g/min or lower (Schiver and Hossmann, 1980; Bell et al., 1985; . Our results are in agreement with those findings. Significant edema begins to form in the severely ischemic lesion when flow is below the threshold for membrane failure soon, but not imme diately, after the onset of permanent arterial occlu SlOn.
In the periphery of an ischemic lesion, where flow is � 18.9 mli100 g/min, water content does not increase by 3 h after occlusion. However, a small but significant increase in water content can be de tected in the same area 6 h after MeA occlusion in cats, according to a previous study . These results suggest that ischemic edema can develop in an ischemic lesion where blood flow is higher than the flow threshold for membrane failure if enough time elapses. Thus, both duration and depth of ischemia are important in the formation of ischemic brain edema.
Water accumulation in brain tissue cells during the acute stage of ischemia was previously thought to be related to shifts of fluid between the intra-and extracellular compartments. But early ischemic edema cannot be explained simply by energy failure and changes in extracellular fluid ion con centration on two counts. First, complete cerebral ischemia is not accompanied by edema despite striking metabolic defects, even though water shifts from the extracellular to the intracellular space (Hossmann, 1976; Kogure et aI. , 1981) . Second, ischemic edema forms in ischemic tissue when flow is reduced to 19. 5 mIll 00 g/min for:?6 h, suggesting that the ischemic flow threshold for edema forma tion is higher than that for membrane failure (Hata shita and Hoff, 1986) .
It seems likely that the initial event in ischemic edema is water uptake by the cells due to a change in transmembrane ion homeostasis resulting from energy failure. An osmotic concentration gradient between blood and brain also develops during isch emia, possibly accounting for increased water up take in the ischemic tissue. The role of tissue os motic pressure changes in ischemic brain edema, especially at the acute stage, remains unclear, how ever.
The present study has confirmed that tissue pres sure increases progressively in the ischemic cortex (Iannotti et aI. , 1985; . Tissue pressure in the cortex 1 and 3 h after MCA occlusion was 7. 95 ± 0. 72 and 13.13 ± 1.13 mm Hg, respectively. The increase in tissue pressure was linearly related to the amount of edema fluid accumulation for 3 h after occlusion. Shima et aI. (1983) reported that pial arterial pressure in the MCA territory of cats fell from 56. 2 ± 1. 6 mm Hg before MCA occlusion to 12.9 ± 1.0 mm Hg 1 h after. Based on their observations of pial artery pressure during ischemia and our own study of tissue pressure, the hydrostatic pressure gradient between arterial blood and brain tissue must have been higher 1 h after occlusion than after 3 h. The pressure gradient had probably dissipated as tissue pressure rose by 3 h. We suggest that this hydrostatic pressure gradient was partly respon sible for the formation of edema soon after the onset of ischemia.
When intraluminal arterial pressure was in creased in our study protocol, a further increase of water content in the core was noted only at 1 h after MCA occlusion. Cerebral autoregulation was im paired in the same area. The loss of autoregulation probably allowed arterial pressure to be transmitted directly to the perivascular brain parenchyma.
In the present study of the ischemic periphery, where flow was � 18.9 mlllOO g/min, tissue pressure did not rise significantly. Although the pressure gradient between the capillary and the tissue in the periphery was higher than that in the core, no in crease in water content was found in that area 3 h after occlusion. An increase in intraluminal pres sure caused by inflation of the aortic balloon was accompanied by increased water content at 3 h after occlusion but not at 1 h, despite an increase in the hydrostatic pressure gradient of similar magni tude of both time intervals. This implies that alter ation of hydraulic conductivity of the capillary in the ischemic zone may have occurred when blood flow reduction was still higher than the flow threshold for membrane failure. As a result the moderate degree of ischemia became edemogenic because of its prolonged duration. This concept is supported by previous data that show that a signifi cant increase in water content is first detected in that area 6 h after an ischemic insult in the same model . Recirculation in the acute stage of brain ischemia has also been known to cause BBB damage and increase edema formation (Klatzo et aI. , 1984) . We believe that the change of hydraulic conductivity of the capillary, which relates to the duration of ischemia and to the hydrostatic pressure gradient across it, is an impor tant cause of edema in the periphery of the isch emic lesion where flow has been relatively pre served.
The present study suggests that the hydrostatic pressure gradient between arterial blood and brain tissue, in addition to energy failure, plays an impor tant role in early ischemic brain edema, especially at the onset of ischemia. Further studies are re quired to define how osmotic pressure gradients across capillaries and capillary hydraulic conduc tivity are related to hydrostatic pressure gradients and the duration and degree of ischemia.
